In this work, we present the quasinormal modes of a fermionic field in the background of GaussBonnet-AdS black holes. We find exact solutions for D = 5 at the fixed value α = R 2 /2 of the Gauss-Bonnet coupling constant, with R denoting the AdS radius, and we find numerical solutions for some range of values of the coupling constant α and D = 5, 6. Mainly, we find two branches of quasinormal frequencies, a branch perturbative in the Gauss-Bonnet coupling constant α, and another branch nonperturbative in α. The phenomena of nonperturbative modes, which seem to be quite general in theories with higher curvature corrections, have been obtained in the spectrum of gravitational field perturbations and scalar field perturbations in previous works. We show that it also arises for fermionic field perturbations and therefore seems to be independent of the spin of the field under consideration. However, in contrast to gravitational and scalar field perturbations, where the nonperturbative modes are purely imaginary, we find that for fermionic field perturbations the nonperturbative modes acquire a real part. We find that the imaginary part of the quasinormal frequencies is always negative in both branches; therefore, the spherical Gauss-Bonnet-AdS black holes are stable against fermionic field perturbations. * pablo.gonzalez@udp.cl † yvasquez@userena.cl ‡ rvillalobos@userena.cl 2 CONTENTS
backgrounds. Sec. III gives exact and numerical data on quasinormal modes for a fermionic field test at various values of α in the region of stability. Finally, in Sec. IV, we present the conclusions.
II. EINSTEIN-GAUSS-BONNET-ADS BLACK HOLES
The Lagrangian of the D-dimensional Einstein-Gauss-Bonnet theory with a cosmological constant Λ is given by
where α is the Gauss-Bonnet coupling constant. For D = 4, the Gauss-Bonnet term is a topological invariant. Thus, the Gauss-Bonnet term contributes only to D > 4 space-time dimensions. An exact black hole solution of the field equations of theory (1) is described by the following static spherically symmetric metric [44] :
where dΩ 
where ψ(r) satisfies
being µ an integration constant, proportional to mass. Here the Gauss-Bonnet coupling constant α is
It is worth noting that for n + n 2 + 8 αn
the black hole solution of (4), which goes over into the known Tangherlini solutions [45] , allowing for a non-zero Λ-term. In this paper we shall consider just this branch of solutions, because it has the known Einsteinian (α = 0) asymptotically flat, de Sitter and anti-de Sitter limits. When Λ = 0, there is another branch of asymptotically anti-de Sitter solutions, which do not have the Einsteinian limit. In the following, we fix κ = 1 in order to consider a compact (spherical) black hole with the event horizon radius r H . Also, in order to measure all quantities in units of length for any value of D, it is convenient to express µ as [12] µ = n r
and Λ as
where the AdS radius R has been defined by the relation ψ(r → ∞) = −1/R 2 . The above equation implies that α < R 2 . It is worth mentioning that, when R 2 /2 < α < R2, the solution (5) does not satisfy the relation ψ(r → ∞) = −1/R 2 and describes a black hole, which is identical to the one with α < R 2 /2 after some re-scaling of parameters. Therefore, in the following we will consider black holes with α < R 2 /2 [27] . In D = 5 case α = α and when, in addition, α = R 2 /2, the metric function f (r) has a BTZ-like form
This simplification of the metric function will make it possible allow to obtain an analytical solution to the Dirac equation, as we will show in the next section.
III. FERMIONIC QUASINORMAL MODES
A minimally coupled fermionic field to curvature in the background of a Einstein-Gauss-Bonnet-AdS black holes is given by the Dirac equation in curved space
where the covariant derivative is defined as ∇ µ = ∂ µ + 1 2 ω ab µ J ab , with ω ab being the Levi-Civita spin connection and
, the generators of the Lorentz group are defined through the gamma matrices in a flat spacetime γ a , which can be expressed through the gamma matrices in curved space-time γ µ by γ µ = e µ a γ a . In order to solve the Dirac equation (9), we use the diagonal vielbein e 0 = f dt, e 1 = 1 √ f dr, e 2 = r dθ, e 3 = r sin θ dφ, e 4 = r sin θ sin φ dϕ ,
and from the null torsion condition de a + ω a b ∧ e b = 0, the nonzero components of the spin connection are given by
Now, using the following representation of the gamma matrices
where σ i are the Pauli matrices, andγ m are the Dirac matrices in the base manifold Ω n , along with the following ansatz for the fermionic field
where ς is a n-components fermion. The following equations are thus obtained:
where λ is the eigenvalue of the Dirac operator on the n-dimensional sphere and is given by λ = ±i(ℓ + n/2), with ℓ = 0, 1, 2, ... and the prime denotes the derivative with respect to the radial coordinate r. These equations can be decoupled as
Notice that (15) can be obtained from (14) by means of the substitutions ψ 1 → ψ 2 , ω → −ω and λ → −λ.
A. Stability of massless fermionic field
The above equations (13) , for a massless fermionic field, can be reduced to
where we have defined Z ± = ψ 1 ± iψ 2 and W = −iλ √ f /r, see [46] , and the tortoise coordinate r * is defined as usual by dr * = dr/f . Now, decoupling (16) and (17), we obtain the following Schrödinger-like equations:
where the effective potentials V ± are given by
We can observe that the potentials are not positive-definite. Suitable boundary conditions for the fermionic field are a purely ingoing wave at the event horizon and it vanishes at spatial infinity:
Now, we shall show that the classical stability of the massless fermionic field in this background can be proven using the S-deformation method [47] . So, multiplying Eq. (18) by Z * ± , then performing an integration by parts and taking into account the boundary conditions (20) , one can arrive at the following expression:
The first term on the right-hand side of this equation is zero by the boundary condition (20) , and one may conclude that the imaginary part of ω is always negative when V ± (r) > 0 in the region outside the event horizon, see [47, 48] for details. The potentials V ± are not positive-definite; however, in the S-deformation method a new derivative
is defined, and the first integral in (21) can be written as
Appropriate functions are given by S = −W for V + and S = W for V − [48, 49] . In this case,Ṽ ± = 0 and we have W (r * = −∞) = 0 and W (r * = 0) is a constant, which ensures that the integral is positive, and thus guarantees the stability of the fermionic field. Having demonstrated that the propagation of massless fermionic fields is stable in this background, in the following, we shall analyze two cases separately: the first is the special case in five space-time dimensions with α = R 2 /2, where we obtain the analytical solution to the radial equation, and the second case corresponds to the general case α = R 2 /2 and D = 5, 6, where we obtain the QNFs numerically by using the improved AIM approach for D = 5 and the shooting method for D = 6.
B. Analytical solution
In this section we obtain analytically the eigenvalues of the wave equation in D = 5 case and α = R 2 /2. In this case, as we have mentioned, the metric function reduces to the BTZ-like form f (r) = r 2 − r 2 H /R 2 , and the following substitutions
in Eqs. (13) and the change of variables z = tanh 2 ρ, with r = r H cosh ρ, enable us to obtain the following equations
So, by decoupling φ 1 from this system of equations we obtain
and a similar equation for φ 2 but with the replacement λ → −λ and ω → −ω. Then, defining
the radial equation reduces to the Gauss's hypergeometric equation for F (z)
which has three regular singular points at z = 0, z = 1 and z = ∞. The solution is given by
where, 2 F 1 (a, b, c; z) denotes the hypergeometric function and C 1 , C 2 are integration constants, with the other constants being defined as
Now, by imposing as boundary conditions at the horizon that there are only ingoing modes implies that C 2 = 0. Thus, the solution simplifies to
On the other hand, using Kummer's formula for hypergeometric functions [50] ,
the behavior of the field at the sptial infinity (z → 1) is given by
Imposing that the fermionic field vanishes at spatial infinity yields the condition a = −n or b = −n, where n = 0, 1, 2, .... Therefore, the following sets of QNFs are obtained:
which can be combined into one set as
QNFs have real and imaginary parts, and the imaginary part is negative, which guarantees that the propagation of the fermionic field is stable in this background. Similarly, decoupling φ 2 from the system of equations (24), another set of quasinormal frequencies can be obtained. However, our numerical investigation shows that the same QNFs are obtained.
C. Numerical solutions
In this section, we obtain the QNFs numerically for a range of values of α and D = 5, 6. We will employ the improved AIM for D = 5, which is an improved version of the AIM proposed in Refs. [29, 30] , and the spectral method in the D = 6 case. For D = 6 we find that the improved AIM is difficult to apply effectively for high overtone modes.
In order to implement the improved AIM, we must consider the fermionic field and its behaviors at the horizon and at spatial infinity. It is convenient to introduce the coordinate y = 1 − r H /r So, at the horizon, y → 0, the behavior of the fermionic field is given by the solution of Eq. (14) at the horizon, which yields
where, in the above equation and in the following the metric function is viewed as a function of the new radial coordinate f (y), and the prime denotes derivative with respect to y. So, in order to have only ingoing waves at the horizon, we impose C 2 = 0. On the other hand, at spatial infinity, from Eq. (14) we find that the fermionic field behaves as
where A = mR due to α < R 2 /2. So, in order to have a null fermionic field at infinity we impose D 2 = 0. Therefore, taking into account these behaviors we define the variable χ by
Then, by inserting this field into the radial equation, we obtain the homogeneous linear second-order differential equation for the function χ(y)
where
and
As we have mentioned, for ψ 2 our numerical solutions show the same QNFs that for ψ 1 . Thus, in order to implement the improved AIM, it is necessary to differentiate Eq. (39) n times with respect to y, which yields the following equation:
Then, by expanding the λ n and s n in a Taylor series around the point, ξ, at which the improved AIM is performed
where the c i n and d i n are the i th Taylor coefficients of λ n (ξ) and s n (ξ), respectively, and by replacing the above expansion in Eqs. (43) and (44), the following set of recursion relations for the coefficients is obtained:
In this manner, by considering Taylor expansions the improved AIM avoided the derivatives that contain the AIM in [28, 51] , and the quantization conditions, which is equivalent to imposing a termination to the number of iterations [52] , which is given by
By solving this equation numerically we find the QNFs. In Fig. 1 we plot the behavior of Re(ω)R and Im(ω)R for the first overtone as a function of α/R 2 for the perturbative branch in α and different values of the mass of the fermionic field mR = 0.01, 0.1, 0.2. We observe that the QNFs have real and imaginary parts, with the imaginary part being negative, which guarantees the stability of the propagation of the fermionic field. Also, when α increases, the real part of the QNFs increase and the imaginary part decrease. Additionally, when mR increase the real and imaginary part of the QNFs decrease. In Table I (see Appendix) we show the numerical values of QNFs plotted in Fig. 1 . Also, when λ increases the real part of the QNFs decrease and the imaginary part increase. In Table II (see Appendix) we show the numerical values of the QNFs plotted in Fig. 2 . Then, in Fig. 3 we plot the behavior of Re(ω)R and Im(ω)R for the fundamental QNF as a function of α/R 2 for the perturbative branch in α and different values of λ. We observe that the QNFs have real and imaginary parts, with the imaginary part being negative, which guarantees the stability of the propagation of the fermionic field in this background. Also, when α increases, the real part of the QNFs decreases and the imaginary part increases. Additionally, when λ increase the real and imaginary parts of the QNFs increase. In Table III (see Appendix) we show the numerical values of the QNFs plotted in Fig. 3 .
On the other hand, we consider the case D = 6, and we find the fundamental QNFs for different values of the parameterα/R 2 by using the spectral method for the perturbative and nonperturbative branches in α. Notice that the QNFs have real and imaginary parts, with the imaginary part being negative, which guarantees the stability of the propagation of the fermionic field in this background; however, there is a gravitational instability in the region 0.42 α/R 
IV. FINAL REMARKS
In this work, we considered Einstein-Gauss-Bonnet-AdS black holes as backgrounds, and we studied the propagation of a fermionic field in such backgrounds. We found the exact solution of the eigenvalues for the wave equation in D = 5 space-time dimensions at the fixed value α = R 2 /2 of the Gauss-Bonnet coupling constant and numerical solutions for other values of the coupling constant α and D = 5, 6 by using the improved AIM approach for D = 5 and the spectral method for D = 6. Mainly, we found two branches of QNFs, a perturbative branch in the Gauss-Bonnet coupling constant α, and another nonperturbative branch in α, that is, they do not exist in the limit α = 0. The nonperturbative branch in α is characterized by the growth of the imaginary part when α is decreasing, while for the perturbative branch in α the QNFs tend to the QNFs of Schwarzschild AdS when α → 0. We showed that the phenomena of nonperturbative modes, which have been obtained in the spectrum of gravitational field perturbations and scalar field perturbations in previous works, also arise for fermionic field perturbations and therefore the phenomena of nonperturbative modes seems to be independent of the spin of the field under consideration. However, in contrast to gravitational and scalar field perturbations, where the nonperturbative modes are purely imaginary, we found that for fermionic field perturbations the nonperturbative modes acquire a real part. The QNFs have real and imaginary parts for both branches, and the imaginary part is always negative; therefore, the spherical Gauss-Bonnet-AdS black holes are stable against fermionic field perturbations.
Appendix: Numerical quasinormal frequencies
In this appendix we show tables with the numerical values of the QNFs plotted in some figures Table I 
